Plasma contact system is the initial part of both the intrinsic coagulation pathway and kallikreinkinin pathway, which mainly involves three proteins: coagulation factor XII (FXII), prekallikrein (PK) and high-molecular weight kininogen. Fucosylated chondroitin sulfate (FCS) is a unique sulfated glycosaminoglycan (GAG) composed of a chondroitin sulfate-like backbone and sulfated fucose branches. The native FCS was preliminary found to cause undesired activation of the plasma contact system. How this unusual GAG functions in this process remains to be clarified. Herein, the relationship between its structure, plasma contact activation and its effects on the PK-FXII reciprocal activation loop were studied. The recalcification time assay indicated that the FCS at high concentration could be procoagulant which may be attributed to its contact activation activity. The structure-activity relationship study indicated that its high molecular weight and distinct fucose side chains are required for contact activation by FCS, although the sulfate substitution types of its side chains have less impact. In human plasma, the native FCSs potently induced FXII-dependent contact activation. However, in purified systems FCS did not significantly activate FXII per se or induce its autoactivation, whereas FCS significantly promoted the activation of PK by factor XIIa. Polysaccharide-protein interaction assays showed that FCS bound to PK with higher affinity than other contact system proteins. These data suggested that potent contact activation by FCS requires the positive feedback loop between PK and FXII. These findings contribute to better understanding of contact activation by complex GAG.
Introduction
Plasma contact system is the initial part of both the intrinsic coagulation pathway and kallikrein (KK)-kinin pathway (Renné 2012; Wu 2015) . It consists of two serine proteases, coagulation factor XII (FXII) and prekallikrein (PK), and a nonenzymatic cofactor highmolecular weight kininogen, which are referred as contact factors (Schmaier 2014) . Contact activation can be induced by many artificial and endogenous substances such as silica, kaolin, ellagic acid, platelet-derived polyphosphate, misfolded protein aggregates and nucleic acid (Ratnoff and Rosenblum 1958; Caen and Wu 2010; Kenne et al. 2015) . The activated FXII (FXIIa) can activate factor XI (FXI) and PK, its two main physiological substrates, into factor XIa and KK, which further results in pro-coagulation via intrinsic coagulation pathway and pro-inflammation or allergic reactions via bradykinin (BK) formation, respectively (Schmaier 2016) . Increasing study has also revealed the involvement of this system in infection and immunity, etc. (Oehmcke and Herwald 2010; Bender et al. 2017; Weidmann et al. 2017 ).
Contact pathway is not an ordinal cascade, instead there are complex interactions among contact factors, including the initiation phase of FXII autoactivation, the amplification phase of reciprocal activation between FXII and PK (heteroactivation of FXII by KK and PK by FXIIa) and autoactivation of PK (Tankersley and Finlayson 1984; Sugo et al. 1985; Tans et al. 1987; Long et al. 2016) . Contact activation leads to various downstream effects depending on the regulation and specific activators (Maas et al. 2008; de Maat and Maas 2016; Lin et al. 2016) . For instance, the assembly of contact factors on endothelial cell surface causes PK activation but not FXI, and overactivation of contact system in hereditary angioedema patient often leads to swelling disorder without triggering thrombosis (Shariat-Madar et al. 2002; Christiansen and Zuraw 2017) .
Exogenously, plasma contact activation can be potently triggered by oversulfated glycosaminoglycan (GAG) (Pan et al. 2010) . Notably, in 2008 the adverse clinical events associating with FXIIdependent contact activation were reported in the United States and Germany (FDA, 2008) . And in further investigation, oversulfated chondroitin sulfate (OSCS) as the heparin contaminant was demonstrated to be the culprit (Kishimoto et al. 2008) . OSCS resulted in the production of anaphylatoxins and vasoactive BK, causing severe anaphylactoid reactions and hypotension (Kishimoto et al. 2008; Adama et al. 2010; Corbier et al. 2011) .
Fucosylated chondroitin sulfate (FCS) found so far exclusively in sea cucumbers is an unusual GAG, which comprises the chondroitin sulfate (CS)-like backbone and sulfated fucose branches ( Figure 1 and Table I ) (Myron et al. 2014; Pomin 2014; Santos et al. 2015 Santos et al. , 2017 Li et al. 2017b; Shang et al. 2018a ). The holothurian GAG may be a potent serpin-independent anticoagulant by targeting intrinsic coagulation factor Xase complex (factor IXa-VIIIa-Ca 2+ -PL complex) that is a novel promising anticoagulant target (Nagase et al. 1995; Sheehan and Walke 2006 Trisaccharide unit of FCS activity and in vivo antithrombotic effects with low bleeding tendency (Fonseca and Mourão 2006; Wu et al. 2010 Wu et al. , 2015 Zhao et al. 2015) . However, the high-molecular weight FCSs can also potently activate plasma contact system and might have undesired effects such as hypotension (Fonseca et al. 2009 (Fonseca et al. , 2010 . How the unique GAG plays the roles in plasma contact activation remains to be clarified. Generally, contact activation is detected in plasma system by chromogenic substrate method, and the contributions of the possible generated KK and FXIIa to the amidolytic activity were not separated (Silverberg et al. 1980; Wu et al. 2015) . For the complex interactions among contact factors, there are some possible activation events in contact system (Figure 2 ). The target of FCS on contact system thus remains to be elucidated. In this work, we investigated contact activation by some FCSs with various molecular weights and different sulfate substitution types in fucose side chains to clarify its structure-activity relationship. Furthermore, using a native FCS with molecular weight of 65 kDa (TaFCS) from the sea cucumber Thelenata ananas (Wu et al. 2012) , we also studied its activation mechanism in purified systems in contrast to OSCS and unfraction heparin (UFH). Identifying the target of this sulfated GAG would help to further understand the mechanism of contact activation by exogenous negative polysaccharides.
TaFCS

Results
FCS molecular weight-dependently activates contact system to trigger blood coagulation Native FCS was found to exhibit potent anticoagulant activity by prolonging the activated partial thromboplastin time and thrombin time (Santos et al. 2015; Wu et al. 2015) , but its procoagulant activity, if any, would be covered up by the activated reagents added in the assay such as ellagic acid. Herein, in the presence of native T. ananas FCS (TaFCS) and its depolymerized products with various molecular weight, their effects on coagulation system were evaluated by detecting the plasma recalcification time. The two depolymerized FCSs, dFCS-3 (Mw, 17 kDa) and dFCS-5 (Mw, 6 kDa), prolonged the plasma recalcification time (T 1 /T 0 >1) at the tested concentration of 0.5-32.0 μg/mL in a dose-dependent manner ( Figure 3A ). The result indicated that the two low-molecular weight FCSs possessed anticoagulant activity ( Figure 3A) , consistent with our previous report . Notably, the native FCS (Mw, 65 kDa) and another higher molecular weight depolymerized product dFCS-1 (Mw, 43 kDa) both inhibited coagulation at the concentration of 16.0 μg/mL or less (T 1 /T 0 >1), while showed significant procoagulant activity at 32.0 μg/mL (T 1 /T 0 <1), suggesting that their procoagulant activity surpassed their anticoagulant activity at the high concentration. The biphasic effect of a high-molecular weight sulfated galactan from a red alga on coagulation was also observed (Melo and Mourão 2008) . In contrast, the ability of a lowmolecular weight heparin (LMWH) and OSCS to prolong recalcification time was much more potent than these FCSs, but they did not display procoagulant activity at the tested concentration, which might be attributed to their stronger anticoagulant activity by inhibiting extrinsic and common coagulation pathways (Kishimoto et al. 2008; Wu et al. 2015) .
The contact activation by these FCSs was also tested in normal pooled plasma to clarify whether their contact activation contribute to the procoagulant activities. The native FCS and the highmolecular weight dFCS-1 both potently activated contact system ( Figure 3B ) at the concentration of 1.5-24.0 μg/mL, comparable to the positive control OSCS. But at the higher concentration (>48.0 μg/mL), their activation activity decreased. The result indicated that the FCSs showed a bell-shaped dose response, which is typical of GAG-mediated responses (Hojima et al. 1984; Kishimoto et al. 2008) . Upon the activation of the contact system, it can further trigger blood coagulation (Renné 2012; Wu 2015) . At the high concentration of 32.0 μg/mL (Figure 3 ), procoagulant effect of the native FCS and the high-molecular weight dFCS-1 might occur by activating contact system. Additionally, in contrast to the high-molecular weight FCSs, these low-molecular weight FCSs (dFCS-2~5) exhibited much weaker activity, which decreased as their molecular weights reduced ( Figure 3B) . Notably, the low-molecular weight FCSs (dFCS-5, 6 kDa) showed markedly weaker activity than UFH. The results suggested that the effects of FCS on both coagulation and contact pathways are dependent on its chain length.
Sulfated fucose branches without special sulfate substituents are required for contact activation by FCSs
The native FCSs share certain structural features, i.e., a CS-like backbone and fucose side chains whose sulfated fucose units are linked to the C-3 position of β-glucuronic acids (Myron et al. 2014; Pomin 2014; Santos et al. 2015; Li et al. 2017b; Santos et al. 2017; Shang et al. 2018a ). While, the sulfation patterns of fucose residues varied from one to another Wu et al. 2015; Li et al. 2017b; Shang et al. 2018a ). Herein, we chose six native FCSs from various sea cucumber species, whose molecular weights were all large (53.7-65.8 kDa), while differ in sulfate substitution of their fucose branches ( Figure 1 and Table I ). Their ability to activate plasma contact system was detected to further estimate the effect of sulfate substituent types of FCSs. The activity assays showed that all the native FCSs dose-dependently activated plasma contact system with the strongest activities at 48.0 μg/mL ( Figure 3C ). Although their specificity of sulfate substituents displayed less impact, the native compounds FCS from Holothuria fuscopunctata (HfFCS) and FCS from Holothuria nobilis (HnFCS) showed significantly higher activity at 48 μg/mL than other three FCSs, indicating that FCS with larger contents of 4-O-and 3, 4-di-O-sulfated fucoses may be more potent in contact activation (Table I) .
Additionally, a 487.9-kDa fucan sulfate (FS) linear polysaccharide from Stichopus horrens (Shang et al. 2018b ) was inactive at the . Contact activation by GAGs in FXII-depleted human plasma (A), with or without the supplementation of purified FXII (B) and the effects of GAGs on activation of pure FXII (C). Contact activation of FXII-depleted plasma, or activation of pure FXII (25 μg/mL), after incubating with GAGs was detected by the chromogenic substrate D-Pro-Phe-Arg-pNA, and the change rate of OD 405 nm was expressed as ΔOD/min (mean ± SD, n = 3 (A) or mean of replicate measures (B and C)).
tested concentration ( Figure 3C ). Another linear polysaccharide 500-kDa dextran sulfate (DS) is a potent contact activator (Citarella et al. 1997) . The difference between native FCSs and other sulfated polysaccharide such as FS and DS indicates that besides negatively charged large molecules, contact activation by polysaccharide may also require certain structural features. Since CS-A a linear GAG without side chains, was found to be inactive for plasma contact activation (Kishimoto et al. 2008) , this suggests that sulfated fucose branches are required for contact activation by FCSs.
Native FCSs potently activate contact system in the FXII-dependent manner
Using FXII-depleted human plasma, contact activation by native FCS was further tested to prove the role of FXII in the contact system. The results indicated that plasma contact activation by these native FCSs was markedly decreased when FXII was depleted, and only mild activity was observed at above 24.0 μg/mL ( Figure 4A ). Given that the normal plasma and FXII-depleted plasma may be discrepant in other components apart from FXII, the FXII-depleted plasma added with FXII of physiological concentration was also tested for contact activation by GAGs, and the result was similar to that of the normal plasma ( Figure 4B ). These results suggested that FXII plays a key role in the contact activation process, which was also confirmed in previous research Zamolodchikov et al. 2015) . However, in the absence of other contact factors, the activity of TaFCS to activate FXII was very weak even after incubation for hours ( Figure 4C ). Since the amplification phase requires a positive feedback loop between FXII and PK (Figure 2 ), PK may be also essential for contact activation by FCSs.
FCS mainly enhances the susceptibility of PK activation by FXIIa
In an attempt to clarify the mechanism of contact activation by FCS, purified proteins were applied to the assays. The effect of FCS on the purified system contained both FXII and PK was detected by examining the total amidolytic activity. UFH only exhibited significant activity at high concentration (≥1.5 μg/mL). In contrast, TaFCS potently promoted the activation of FXII and PK at above 0.15 μg/mL ( Figure 5) . OSCS exhibited the strongest activity at 1.5 μg/mL (about 10 times of vehicle control), but slighter promotion was observed at 15.0 μg/mL. At 15.0 μg/mL, the molar ratio of OSCS:FXII:PK is about 13.8:1:1, and that of TaFCS:FXII:PK is about 3.8:1:1. The greater dispersion of contact factors in OSCS molecules might be attributed to the reduction of contact activation at higher concentration (Samuel et al. 1992) . Similarly, in normal pooled plasma system, the reduction of activity at higher concentration of OSCS and FCS was also observed ( Figure 3B and C). The polysaccharide contact activators per se may inhibit the activity of FXIIa and KK to cleave the chromogenic substrate (Hojima et al. 1984) . Therefore, another reason that GAGs did not show strong activity at higher concentration (15.0 μg/mL) may be their stronger inhibition effect on FXIIa and KK to cleave the chromogenic substrate, which was examined and shown in Supplementary data, Figure S1A -B and Table SI . Contact activation by GAGs is mainly associated with FXII and PK in the plasma, but their exact target is still unclear (Figure 2) . The commonly used chromogenic substrate D-Pro-Phe-Arg-pNA of KK could also be cleaved by FXIIa with less potency (Silverberg et al. 1980 ) (Supplementary data, Figure S1C and D) , and an absolutely specific substrate of KK or FXIIa it is not available. To be more accurate, the standard curves of purified FXIIa and KK to cleave the substrate were established, respectively. The effects of FCS on each possible activation events were studied in purified systems, in which the activation of purified FXII or PK by GAGs, with or without small amount of FXIIa or KK, was detected and the generated FXIIa or KK was quantified ( Figure 6A-F) .
The results showed that TaFCS exhibited little or no effects on either direct activation or autoactivation of both FXII and PK, similar to UFH, while OSCS only at a high concentration (150.0 μg/mL) significantly promoted the (auto)activation of FXII and the activation of PK ( Figure 6A -F, Table II ). As for the initiation of contact activation, it was considered that trace FXIIa may exist in normal plasma, but new evidence argued that uncleaved single-chain FXII (sc-FXII) per se is active when binding to certain negatively charged molecules (Ivanov et al. 2017; Meijers and Schmaier 2017) . FCS seems to not have such capacity, since little effect on FXII activity was observed in the presence of FCS ( Figure 6A ).
In the absence of GAGs, a small amount of KK potently activated FXII, and about 1/3 FXII was activated in vehicle control after incubation for 60 s. In the presence of a small amount of KK, OSCS largely promoted FXII activation, whereas TaFCS displayed less potent activity ( Figure 6A-C) . However, the activation of PK by a small amount of FXIIa could be significantly promoted by TaFCS at above 0.15 μg/mL (P < 0.001) and the generated KK was about 8-folds higher than vehicle control. In contrast, PK activation showed much less potently by OSCS and UFH ( Figure 6D -F, Table II ). These results implied that TaFCS activates the contact system mainly by promoting PK activation in the presence of a small amount of FXIIa, which is different from other sulfated GAGs such as OSCS.
FCS binds to PK and FXII with high affinity
To further understand contact activation by native FCS, their interactions with contact proteins were detected by biolayer interferometry technology (BLI) (Xiao et al. 2016 Figure 5 . Effects of TaFCS, OSCS and UFH on contact activation in purified system. The activation of FXII (60 nM) and PK (60 nM) in the presence of TaFCS, OSCS or UFH was detected by the substrate D-Pro-Phe-Arg-pNA, and represented by the p-nitroanilide formation contributed by FXIIa and/or KK that is proportion to the change rate of chromogenic substrate absorbance at 405 nm (ΔOD/min) (mean ± SD, n = 3), *P < 0.05, **P < 0.01 and ***P < 0.001 vs control. 
. Effects of GAGs on the activation of FXII (A-C) and PK (D-F). The activation of FXII (60 nM) in the presence of TaFCS (A), OSCS (B) and UFH (C), and PK (60 nM) in the presence of TaFCS (D), OSCS (E) and UFH (F)
, with or without a small amount of FXIIa (2.5 nM) or KK (2.5 nM). The generated FXIIa or KK was calibrated for the inhibitive effects of GAGs and quantified by their respective standard curves (when the generated FXIIa was calculated, the significant effect of 2.5 nM KK on the substrate cleavage was first subtracted from the total effect) (mean ± SD, n = 3), *P < 0.05, **P < 0.01 and ***P < 0.001 vs control.
(FXII and PK), which were fitted well with monophasic binding models (Supplementary data, Figure S2A (Table III) . These binding differences might be associated with their discrepant activities ): the FXII activation by a small amount of KK and PK activation by a small amount of FXIIa were promoted more potently by OSCS and TaFCS, respectively ( Figure 6 ). Additionally, no binding responses were observed for the interaction of FXIIa with TaFCS, OSCS or UFH, and only weak signals for KK-GAGs (Supplementary data, Figure S2G -I). These results combined with our findings in purified systems suggested that PK may become more susceptive to be cleaved by FXIIa when binding to TaFCS.
Discussion
Plasma contact system, as a potential target for anticoagulation and anti-inflammation, has gained increasing attention from researchers (Bender et al. 2017 ). However, plasma contact activation is complicated, its activation mechanism and regulation remain unclear (Wuillemin et al. 1996; Schmaier 2008; Woodruff et al. 2011 ).
Beside pro-coagulation and pro-inflammation, its effects may be more profound due to the crosstalk among physiological systems, such as intervening complement system, mast cell-mediated allergic reaction and rennin-angiotensin system (Kaplan and Ghebrehiwet 2010; Sala-Cunill et al. 2015) . The in vivo pathophysiologic activators of contact system, such as polyphosphate and RNA, have been identified (Gajsiewicz et al. 2017) . And in vitro biochemical researches demonstrated that negatively charged polysaccharides, such as DS, can initiate contact activation by providing a surface and promoting the autoactivation of FXII (Silverberg and Diehl 1987a, b; Samuel et al. 1992; Siebeck et al. 1994) . Various sulfated GAGs were observed to activate contact system in plasma system (Pan et al. 2010) . Particularly, plasma contact activation potently triggered by OSCS, which resulted in the production of anaphylatoxins and vasoactive BK, causing severe anaphylactoid reactions and hypotension (Kishimoto et al. 2008; Adama et al. 2010; Corbier et al. 2011) . The sea cucumber fucose-branched GAG FCS has much lower Mw than the typical contact activator 500-kDa DS, but native FCSs (50-70 kDa) are also potent activators (Fonseca et al. 2009 (Fonseca et al. , 2010 Wu et al. 2015) . Previous research showed that contact activation by FCS from Isostichopus badionotus is molecular weightdependent, and native FCSs from two different sea cucumber species have no difference in FXII activation (Li et al. 2017; Yan et al. 2017) . A native FCS (~40 kDa) from Ludwigothurea grisea could activate FXII strongly at the concentration of below 1.0 μg/mL (Fonseca et al. 2009 ). In this work, by studying contact activation by FCS from T. ananas with various molecular sizes and FCSs from various sea cucumber species, we further confirmed that native FCSs are potent contact activators and their strong activity requires high molecular size ( Figure 3B ). We also found that an FS (>100 kDa) could not activate contact system ( Figure 3B ). Additionally, CS-A is inactive for plasma contact activation (Kishimoto et al. 2008) . Therefore, apart from the content of negative charge and high molecular size, sulfated fucose branches are required for contact activation by FCSs, although their specificity of sulfate substituents displayed less impact ( Figure 3C ). Additionally, potent contact activation by high-molecular weight FCS may result in procoagulant effect at the high concentration ( Figure 3A) , which may counteract anticoagulant activity. It might explain the observation in our previous research that native compound TaFCS showed weaker activity than its 8.55-kDa depolymerized product in inhibiting venous The reaction numbers correspond to the reactions numbered in Figure 2 . b
The relative amount was calculated as the maximal amount of generated FXIIa or KK in the presence of GAGs after incubation for 60 s, normalized to the corresponding vehicle control.
Table III. Kinetic constants of GAG-protein interactions by BLI measurements
Proteins
GAGs thrombus formation, and that it induced less blood loss at higher dose . Moreover, all the native FCSs tested showed potent contact activation in human plasma in the FXII-dependent manner (Figure 4) . Notably, TaFCS, a native FCS with the largest molecular size, is not effective to directly activate FXII or promote its autoactivation ( Figure 6A) . Particularly, by analyzing the effects of FCS on each possible activation event in contact system, we found that TaFCS could significantly promote PK activation by a small amount of FXIIa ( Figure 6D and Table II) . And OSCS was less potent for promoting PK activation by FXIIa, whereas stronger in promoting the activation of FXII by KK, as well as (auto)activation FXII at high concentration ( Figure 6 and Table II ). The results indicated that potent contact activation by FCS requires the positive feedback loop between PK and FXII. The effect of these two sulfated GAGs on contact activation seems to be different from 500-kDa DS which induces the conformational change of FXII and cause its autoactivation (Samuel et al. 1992) . The aggregation of FXII molecules on 500-kDa DS surface causes their efficient autoproteolytic cleavage (Samuel et al. 1992) . The similar mechanism may be also applied for contact activation by sulfated GAG, but difference is that the aggregation of both PK and FXII on its surface is important. Additionally, contact activation by FCSs and OSCS first increased with their concentrations, then decreased after reaching the strongest activity in a certain concentration ( Figure 3C ). It may be mainly due to the dispersion of contact factors (both PK and FXII and their activated forms) on the polysaccharide surface, also indicating that longer chain length of FCS is required to provide an activating surface to aggregate contact factors to promote the positive feedback loops. Polysaccharide-protein interaction assays showed that FCS bound to PK with higher affinity than other contact system proteins (Supplementary data, Figure S2 , Table III) .
When plasma contact activation is initiated, one of its downstream effects may occur partially and lead to specific result (Lin et al. 2016) . The plasma concentration of one FXIIa substrate (PK, 450 nM) is much higher than the another (FXI, 30 nM) (Maas et al. 2008) . Both activated forms of FXII (α-FXIIa and β-FXIIa) have the activity to activate PK, while only α-FXIIa can convert FXI to FXIa (Revak et al. 1978) . Therefore, contact activation may be more prone to trigger the KK-kinin pathway (Lin et al. 2016) . Since our finding is that FCS potently promote the activation of PK, it may strongly activate the KK-kinin pathway and cause inflammation and anaphylactoid reaction like OSCS, which would be further investigated in our future studies. And further research is needed to illustrate the roles of high-molecular weight kininogen and physiological inhibitors, such as antithrombin and C1 esterase inhibitor, in the process of contact activation by FCS, and their effects on the regulation of the downstream cascades. Nevertheless, our researches may be valuable in contributing to a better understanding of the activation mechanism of contact system, as a complex plasma system, by sulfated GAGs.
Materials and methods
Materials
OSCS (~18 kDa) and heparin (~18 kDa) (197 IU/mg) were purchased from National Institute for the Control of Pharmaceutical and Biological Products (China). Enoxaparin (LMWH) was purchased from Sanofi-Aventis (France). Chromogenic substrate CS 31 (02) (D-Pro-Phe-Arg-pNA) and FXII-deficient plasma (FXII <1%)
were from HYPHEN BioMed (France). Coagulation control plasma was from MDC Hemostasis (Germany). Human FXII, human factor α-XIIa, human PK and human KK were from Enzyme research laboratories (South Bend, IN, USA). EZ-link amine-PEG 3 -biotin and Zeba Spin desalting columns (>7 kDa) were purchased from Thermo scientific (Rockford, IL, USA). Streptavidin (SA) biosensors were from Fortebio (Fremont, CA USA). All other chemicals were of reagent grade and obtained commercially.
Native FCSs and the depolymerized FCSs with various molecular weights
The preparation, purification and chemical structure elucidation of holothurian FCSs and their depolymerized products were described in our previous studies Gao et al. 2015; Li et al. 2017; Shang et al. 2018a) . Six native FCSs, TaFCS, ShFCS, HfFCS, AjFCS and HnFCS were purified from six sea cucumbers T. ananas, Stichopus herrmanni, H. fuscopunctata, Apostichopus japonicus and H. nobilis, respectively. These native FCSs share certain structural features, i.e., a CS-like backbone and side chains whose sulfated fucose units linked to the C-3 position of β-glucuronic acids. Further, the sulfation patterns of fucose residues varied from one to another (Figure 1 ) Wu et al. 2015; Li et al. 2017; Shang et al. 2018a) . Physicochemical properties such molecular weights and of these native FCSs are shown in Table I . These depolymerized FCSs (d FCSs) from the sea cucumber T. ananas, dFCS-1 (43 kDa), dFCS-2 (23 kDa), dFCS-3 (17 kDa), dFCS-4 (12 kDa) and dFCS-5 (6 kDa), were obtained by controlled chemical depolymerization, which have similar chemical structures but different molecular weights ). An FS with molecular weight of 487.9 kDa was purified from the sea cucumber S. horrens (Shang et al. 2018b ).
Anticoagulant activity based on recalcification time
Recalcification time was carried out in a coagulometer (TECO, MC-4000, Germany). Human control plasma (45 μL) was mixed with 5 μL of each tested compound dissolved in normal saline in the cuvettes and incubated at 37°C for 120 s. Then the cuvettes were put in the measuring positions, and after the addition of 50 μL CaCl 2 to initiate coagulation, the clotting time was determined by the coagulometer.
Effects of GAGs on contact activation in plasma system
Normal human pooled plasma or FXII-depleted plasma was diluted with three volumes of TS buffer (0.05 M Tris-HCl, 0.15 M NaCl, pH 7.40). Then 40 μL of plasma and 30 μL tested compound dissolved in Tris-HCl buffer (0.02 M Tris-HCl, pH 7.40) were added into 96-well microtiter plate, mixed by vibrating the plate and preincubated at 37°C for 60 s. Amidolytic activity of the generated FXIIa and KK was assessed by adding 30 μL of the chromogenic substrate D-Pro-Phe-Arg-pNA (1 mM), followed by dynamically continuous spectrophotometric measurement of the optical density at 405 nm (OD 405 nm ) every 30 s for 5 min at 37°C, using a Bio-Tek Microplate Reader (ELx 808, USA), and the rate of change (ΔOD 405 nm /min) was calculated. The activity determination is based on the absorbance difference between the original substrate and the formed p-nitroanilide. The rate of pnitroanilide formation (ΔOD 405 nm /min) is proportional to the enzymatic activity.
Effects of GAGs on contact activation in purified systems
Standard curves of purified FXIIa or KK for activating the chromogenic substrate D-Pro-Phe-Arg-pNA were established by determining the activities of known amounts of FXIIa or KK and linear fitting gradient concentrations-(ΔOD 405 nm /min). The possible inhibitory effects of GAGs on the amidolytic activity of FXIIa and KK were confirmed by detecting the activity of FXIIa (60 nM) or KK (60 nM) with or without the presence of GAGs.
Assays of contact activation were carried out in 96-well plates. The tested compounds were respectively added into the seven purified systems comprised of different components in TS buffer: FXII (60 nM) and PK (60 nM); FXII (60 nM); FXII (60 nM) and FXIIa (2.5 nM); FXII (60 nM) and KK (2.5 nM); PK (60 nM); PK (60 nM) and KK (2.5 nM); PK (60 nM) and FXIIa (2.5 nM). The solutions were mixed and preincubated at 37°C for 60 s, then activity of FXIIa and/or KK was detected by adding 30 μL 1 mM substrate D-Pro-Phe-Arg-pNA, OD 405 nm was recorded every 30 s for 10 min at 37°C, and the ΔOD 405 nm /min was calculated. In all the systems except the one contained FXII (60 nM) and PK (60 nM), the generated FXIIa or KK were calibrated for the effects of GAGs and quantified by their respective standard curve.
GAG-protein interactions detected by biolayer interferometry
After GAGs were biotinylated using amine-PEG3-biotin, the reaction mixture was desalted with the Zeba Spin desalting columns as previously described (Cochran et al. 2009; Xiao et al. 2016) . The biotinylated GAGs were immobilized to the surface of SA biosensors, and interacted with increasing concentrations of FXII, FXIIa, PK or KK proteins. Biosensor washing steps were applied prior to analyzing the association (600 s) of biosensor-loaded GAG and analyte in buffer, followed by dissociation period (900 s). Dissociation wells were used only once to ensure buffer potency. After dissociation, the sensor was regenerated in 4 M NaCl solution.
All interaction experiments were conducted at 30°C in PBSB buffer (0.05 M sodium phosphate, 0.15 M NaCl, 0.1% BSA, pH 7.30) using an Octet Red 96 instrument (Fortebio, USA). Final volume for all the solutions was 200 μL. Assays were performed in black solid 96-well flat bottom plates with agitation rate of 1000 rpm. Correction of any systematic baseline drift was done by subtracting the reference (a GAG-loaded sensor incubated in PBSB buffer).
Statistical analysis
The data were analyzed using one-way analysis of variance (ANOVA) followed by two-tailed test and plotting using Excel 7.0 (Microsoft) and OriginPro 2015 (OriginLab). All values for each group were given as the mean ± SD. P-values <0.05 were considered statistically significant (*P < 0.05, **P < 0.01 or ***P < 0.001). For BLI kinetic assays, data were analyzed using the Octet software version 7.0 and the binding curves were globally fitted by a 1:1 model.
